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Introduction {#sec1}
============

Among the various DNA damage types, DNA double-strand breaks (DSBs) are the most deleterious since they can lead to various mutations and chromosomal rearrangements linked to tumor initiation and progression. DSBs can both arise during development as part of scheduled processes, such as V(D)J and immunoglobulin class-switch recombination, and be generated by environmental stresses, such as pollutants and irradiation. DSBs are mainly repaired by two distinct pathways: homologous recombination (HR), involving extensive resection and utilizing an intact copy of the damaged locus, and non-homologous end joining (NHEJ), in which the two broken ends are able to be joined with no or minimal homology (reviewed in [@bib20], [@bib29]). Defects in either repair pathway results in genome instability and can be lethal at very early developmental stages.

DSB detection rapidly elicits the so-called DNA damage response (DDR), which largely relies on the activity of the phosphatidylinositol 3-kinase (PI3K)-related kinases DNA-PKcs, ATM, and ATR (reviewed in [@bib51]). All three of these kinases have been found to be mutated in human disorders associated with genome instability: severe combined immunodeficiency (DNA-PKcs), ataxia telangiectasia (ATM), and Seckel syndrome (ATR). While DNA-PKcs and ATM have a function restricted to the DSB response, ATR is activated following a wider range of damage types, especially those occurring during DNA replication. These kinases are rapidly recruited and activated at DSBs through direct interactions with the Ku heterodimer (DNA-PKcs), the MRN complex (ATM), and ATRIP (ATR) ([@bib24]). Once recruited, they have been proposed to participate in repair on three different levels ([@bib51]).

First of all, both ATM and DNA-PKcs play a direct role in repair at the break site in a manner that largely depends on their kinase activity. DNA-PKcs is a core component of the NHEJ machinery that allows both synapsis of DNA ends and the stable recruitment of the XRCC4/DNA Ligase 4 complex, required for end joining ([@bib11]). Consequently, its impairment leads to ends rejoining defects as measured by pulse field gel electrophoresis (PGFE) ([@bib4]). In contrast, ATM is dispensable for repair of most DSBs arising after irradiation, but required for efficient repair of DSBs induced in heterochromatin ([@bib7], [@bib25]) or with blocked DNA ends ([@bib1]).

Second, upon activation, PI3K-like kinases elicit checkpoint activation by phosphorylating a large number of substrates that either remain at the break site and thus play a direct role in signal amplification or diffuse from the break and mediate signal transduction that eventually leads to cell cycle arrest ([@bib51]).

Finally, these DSB-activated kinases trigger a profound remodeling of the chromatin structure at the vicinity of the break. One of their main substrates is the H2AX histone variant, incorporated in roughly one-tenth of nucleosomes (although its distribution is slightly biased toward gene rich regions \[[@bib26], [@bib47]\]). Phosphorylation of H2AX on serine S139, referred to as γ-H2AX ([@bib43]), is one of the earliest events that takes place at DSBs (for review, see [@bib46]). Remarkably, γ-H2AX spreads on neighboring chromatin to form megabase-wide chromatin domains ([@bib26], [@bib45]), whose function is still unclear, although it has been suggested to act as a platform to recruit additional repair, signaling, and chromatin modifying enzymes. However, while H2AX null mice exhibit a range of phenotypes consistent with DSB coping defects (such as tumor susceptibility, sterility, and immunodeficiency; for review, see [@bib46]), they are viable, indicating that DSB repair can occur without H2AX phosphorylation. At a molecular level, γ-H2AX serves as an anchor for MDC1, believed to mediate all γ-H2AX-dependent functions. Although not required for their initial recruitment, the γ-H2AX/MDC1 module is necessary for the accumulation and retention of DNA repair factors at DSBs (for review, see [@bib46]), leading to the hypothesis that γ-H2AX could be involved in forming "repair foci" that concentrate repair factors and thus potentiate repair. Whether these repair foci contain one or more DSBs is still a matter of debate ([@bib2], [@bib28], [@bib32], [@bib53]). Finally, several studies have pointed out a role for γ-H2AX in HR repair ([@bib52], [@bib58]) and in homology search ([@bib41]).

Tremendous efforts have been made to identify both specific and/or overlapping functions of these DSB-activated PI3K-like kinases using genetics as well as specific chemical inhibition (e.g., see [@bib10], [@bib42]). However, their relative contributions are still unclear given that they share many common substrates, including γ-H2AX, and operate at different levels of the DDR, from break detection to signal transduction. These studies and their interpretation have been further complicated by the use of different DSB-induction methods, including high or low doses, global or localized radiation, genotoxic drugs (some of which lead to the generation of DSBs only during DNA replication), and controlled restriction enzymes inducing one (I-SceI; Zn-FokI) or multiple (I-PpoI, AsiSI) clean DSBs at different positions throughout the genome.

We recently reported the genome-wide distribution of γ-H2AX, XRCC4 (an NHEJ component), and RAD51 (involved in HR) around more than 100 DSBs throughout the human genome using the DIvA system (DSB inducible via AsiSI) expressing an inducible AsiSI restriction enzyme. These studies revealed that both repair and signaling depend on the localization of the DSB on the genome and the underlying chromatin context ([@bib3], [@bib26]), with HR being promoted at transcriptionally active loci on the genome.

Here, we used the abovementioned DIvA system in order to clarify the function of ATM and DNA-PKcs in the repair and signaling of clean DSBs induced at different genomic locations and engaged in different repair pathways. Our study revealed that both ATM and DNA-PKcs are essential for survival and recruited at all DSBs, independently of their propensity to be repaired by HR or not. However, we clearly show that, once recruited, they exhibit non-redundant functions regarding signaling and repair. At the repair level, DNA-PKcs is absolutely required for end joining at all investigated DSBs, while ATM is dispensable although promoting repair fidelity. By contrast, ATM is required for γH2AX establishment at all breaks, while DNA-PKcs is dispensable for DSB-induced chromatin signaling. We also found that multiple AsiSI-induced DSBs are able to associate within repair foci, in a manner that strictly depends on ATM, but not DNA-PKcs, activity. Our study sheds light on the respective roles of ATM and DNA-PKcs regarding end joining, γH2AX domain establishment, and repair foci formation.

Results {#sec2}
=======

ATM and DNA-PKcs Are Necessary for Cell Survival after AsiSI-Induced DSBs {#sec2.1}
-------------------------------------------------------------------------

In order to evaluate the sensitivity of human cells upon induction of a few hundred clean DSBs dispersed throughout the genome, we developed a clonogenic assay using AID-DIvA cells, an improved version of our DIvA model ([@bib3]). This cell line stably expresses a construct carrying AsiSI-ER fused to an auxin inducible degron (AID), which triggers the rapid degradation of the restriction enzyme upon auxin addition and thus enables repair of AsiSI-induced DSBs. As shown in [Figure 1](#fig1){ref-type="fig"}A, 4OHT treatment reduced clonogenic survival to about 20%, whereas auxin addition rescued cell survival to about 60%. Notably, both ATM and DNA-PKcs inhibition, using the highly potent and selective inhibitors KU55933 (ATMi) or Nu7441 (DNAPKi), respectively, led to a significant decrease in clonogenic survival ([Figure 1](#fig1){ref-type="fig"}A), whereas these two inhibitors only mildly affected survival in the absence of DSB induction ([Figure S1](#mmc1){ref-type="supplementary-material"}A). Combining both inhibitors mimicked the effect observed with the DNA-PKcs inhibitor alone ([Figure S1](#mmc1){ref-type="supplementary-material"}B). This indicates that both kinases are essential for cell survival after induction of AsiSI-induced DSBs.

DNA-PKcs, but Not ATM, Is Required for AsiSI-Induced DSB Repair {#sec2.2}
---------------------------------------------------------------

We next thought to directly evaluate the function of these two kinases on the repair of various AsiSI-induced DSBs. Indeed, we found recently that distinct AsiSI-induced DSBs are not repaired equivalently, and we identified a subset of DSBs, localized in transcriptionally active, H3K36me3-rich chromatin, that are "HR-prone," i.e., preferentially recruit RAD51, undergo resection, and rely on HR for efficient repair. On the other hand, AsiSI-induced DSBs localized either in intergenic regions or inactive genes could not recruit RAD51 and relied on XRCC4 for repair ([@bib3]).

In order to assay the respective roles of ATM and DNA-PKcs in repair at those HR- and non-HR-prone DSBs, we used a previously described cleavage assay that allows one to measure repair kinetics at selected AsiSI-induced DSBs ([@bib3], [@bib13]). Interestingly, while DNA-PKcs inhibition led to a severe repair defect, AsiSI-induced DSBs were efficiently religated upon ATM inhibition ([Figure 1](#fig1){ref-type="fig"}B). The combination of both inhibitors led to a repair deficiency similar to the one observed upon DNA-PKcs inhibition ([Figure S1](#mmc1){ref-type="supplementary-material"}C). Notably, the effects of DNA-PKcs and ATM inhibition were identical on non-HR-prone or HR-prone DSBs ([Figure 1](#fig1){ref-type="fig"}B, compare the three top panels to the bottom panel). Altogether these data indicate that AsiSI-induced DSB repair depends on DNA-PKcs, but not on ATM activity, and that the function of these kinases is independent of the pathway used for repair and on the genomic location of the break.

Since ATM inhibition led to a severe survival defect ([Figure 1](#fig1){ref-type="fig"}A), we tested the accuracy of DSB repair in the presence of the ATM inhibitor. Faithful repair of an AsiSI-induced DSB leads to the reconstitution of the restriction site, thus available for a new round of enzymatic cleavage. We therefore measured the ability of AsiSI-ER to re-cleave sites once repair has occurred upon auxin addition either in the presence or absence of the ATM inhibitor. As described above, ATM inhibition during the repair step did not impede the re-joining of a non-HR prone (DSB-3; [Figure 1](#fig1){ref-type="fig"}C, top panel) or of an HR-prone DSB (DSB-III; [Figure 1](#fig1){ref-type="fig"}C, bottom panel) (compare yellow and blue bars). However, we observed that an additional round of 4OHT treatment led to reduced AsiSI cleavage when DSB repair was performed in the presence of the ATM inhibitor compared to control ([Figure 1](#fig1){ref-type="fig"}C; compare brown and purple bars). Again, both HR and non-HR-prone DSBs behaved similarly. This indicates that ATM inhibition reduces repair accuracy at AsiSI-induced DSBs.

Activated ATM and DNA-PKcs Are Recruited to the Vicinity of DSBs {#sec2.3}
----------------------------------------------------------------

To further investigate the functions of both kinases in DSB repair, we next analyzed their distribution around multiple DSBs induced on chromosome 1 and 6 by chromatin immunoprecipitation followed by hybridization on tiling arrays (ChIP-chip). To this end, 4OHT-treated or untreated DIvA cells were subjected to ChIP using antibodies directed against the activated forms of these kinases (phosphorylated ATM-Ser1981 and phosphorylated DNA-PKcs-S2056, two autophosphorylation events indicative of kinase activation) ([Figures S2](#mmc1){ref-type="supplementary-material"}A--S2C). Inspection of ChIP-chip profiles indicated that both P-ATM and P-DNA-PKcs were detected in the vicinity of AsiSI-DSBs upon 4OHT treatment (see two examples, [Figure 2](#fig2){ref-type="fig"}A). Averaged P-ATM and P-DNA-PKcs profiles on all DSBs induced on chromosome 1 and 6 (24 sites; [@bib26]) showed a significant recruitment of both kinases within a ∼5-kb window around DSBs ([Figures 2](#fig2){ref-type="fig"}B and 2C). However, while P-ATM and P-DNA-PKcs enrichment was restricted to the vicinity of the breaks for most of the DSBs, we could identify one DSB leading to a large spreading of both kinases on the surrounding chromatin ([Figure S2](#mmc1){ref-type="supplementary-material"}D). Although the reasons for such a spreading are presently not clear, this indicated that the distribution of P-ATM and P-DNA-PKcs depends on the chromatin and/or the genomic context of the DSB. Of note, ATM was also dispensable for repair at this specific DSB ([Figure S2](#mmc1){ref-type="supplementary-material"}E).

Importantly, both kinases showed a similar profile and were found to be similarly enriched at each AsiSI-induced DSB on chromosome 1 and 6. Accordingly, the average enrichment of P-ATM over a 2-kb window correlated with the averaged enrichment of P-DNA-PKcs calculated on the same window (r = 0.62, Pearson) ([Figure 2](#fig2){ref-type="fig"}D). Heatmap representation of our ChIP-chip results, where each individual cleaved AsiSI site is represented, confirmed the propensity of a DSB to recruit P-DNA-PKcs when recruiting P-ATM and failed to reveal sites solely and specifically occupied by either P-DNA-PKcs or P-ATM ([Figure 2](#fig2){ref-type="fig"}E).

Altogether, our ChIP-chip data indicate that (1) both activated kinases are similarly recruited at DSBs and (2) they are mostly localized to the immediate proximity of the break, in sharp contrast to the megabase-wide spreading of γ-H2AX.

γ-H2AX Induction at AsiSI-DSBs Relies on ATM Activity {#sec2.4}
-----------------------------------------------------

We next wondered how inhibition of these kinases would impact H2AX phosphorylation. Indeed, while the role of ATM in H2AX phosphorylation is well established, the function of DNA-PKcs toward this modification is still unclear since many studies have reported conflicting results, likely because of the various means used to induce DSBs. In addition, each kinase could be responsible for γH2AX depending on the genomic localization of the break and/or the pathway used for repair. Finally, one could also envisage that both kinases are required at different locations around the DSB, to establish a proper γH2AX domain. Thus, we used ATM and DNA-PKcs inhibitors to clarify the respective involvement of each kinase in H2AX phosphorylation around distinct DSBs located in various chromatin contexts. While western blot analysis revealed that ATM inhibition led to a major defect in global H2AX phosphorylation upon the induction of clean AsiSI-dependent DSBs, this was not the case with DNA-PKcs inhibition ([Figure 3](#fig3){ref-type="fig"}A). This result was confirmed by immunofluorescence analysis of 4OHT-treated DIvA cells. Indeed, while treatment with the ATM inhibitor led to a dramatic decrease in γH2AX foci, inhibition of DNA-PKcs did not result in any detectable impairment of the γH2AX signal ([Figure 3](#fig3){ref-type="fig"}B, see examples on the top panel and the quantification of four independent experiments on the bottom panel). We next performed γH2AX ChIP-chip experiments to investigate at higher resolution the effect of PI3K-like kinase inhibitors on γH2AX profiles around more than 20 DSBs induced on chromosomes 1 and 6. ATM inhibition led to a dramatic decrease in the γH2AX signal around DSBs. In contrast, inhibition of DNA-PKcs did not alter the γH2AX profile induced at the DSB (see three examples in [Figure 3](#fig3){ref-type="fig"}C and the average γH2AX profile for the 24 DSBs induced on chr1/6 in [Figure 3](#fig3){ref-type="fig"}D). Interestingly, we observed the same effects at all DSBs, regardless of the DSB location ([Figure 3](#fig3){ref-type="fig"}E). Altogether these data indicate that upon induction of multiple clean DSBs, ATM seems to be the main kinase responsible for H2AX phosphorylation over entire megabase domains and at all DSBs independently of their genomic location.

However, since a faint γH2AX signal was still detected upon ATM inhibition ([Figures 3](#fig3){ref-type="fig"}A--3E), we wondered whether DNA-PKcs activity could account for this residual H2AX phosphorylation. A combined treatment with ATM and DNA-PKcs inhibitors did not lead to a further decrease of γH2AX as detected by western blot ([Figure 4](#fig4){ref-type="fig"}A) and immunostaining ([Figure 4](#fig4){ref-type="fig"}B). Surprisingly, γH2AX ChIP-chip experiments in DIvA cells treated with both inhibitors even revealed an increased γH2AX signal at the sites of DSB, compared to the signal in cells treated with ATM inhibitor alone (see [Figure 4](#fig4){ref-type="fig"}C for a few examples and [Figure 4](#fig4){ref-type="fig"}D for the averaged profiles). This indicates that DNA-PKcs does not contribute to the phosphorylation of H2AX and rather inhibits this event after induction of clean DSBs on the human genome. It also strongly suggests that another kinase is able to phosphorylate H2AX when both ATM and DNA-PKcs activities are impaired (and to a lesser extent when only ATM activity is impaired). We thus also performed additional experiments by combining ATM and DNA-PKcs inhibitors with inhibitors directed against other PI3K family members or kinases formerly found as able to phosphorylate H2AX or to regulate the DNA damage response although in different conditions ([@bib37], [@bib48], [@bib57]). However, neither ATR inhibitor ([@bib55]) ([Figures S3](#mmc1){ref-type="supplementary-material"}A--S3E), mTOR inhibitor ([Figures S4](#mmc1){ref-type="supplementary-material"}A--S4C), nor JNK inhibitor ([Figures S4](#mmc1){ref-type="supplementary-material"}D and S4E) decreased the residual γH2AX signal observed upon ATMi and DNAPKi combination, indicating that a yet unidentified kinase is able to mediate H2AX phosphorylation to some extent, especially in conditions were ATM and DNA-PKcs activities are impaired.

ATM, but Not DNA-PKcs, Is Required for Coalescence of AsiSI-Induced DSBs into Large Repair Foci {#sec2.5}
-----------------------------------------------------------------------------------------------

The fact that AsiSI induces a constant and known number of DSBs, which in addition are always located at the same genomic locations in all cells, prompted us to analyze γH2AX foci structure and distribution by microscopy in order to also identify the function of both kinases in the global organization of damaged chromatin. Interestingly, in normal, 4OHT-treated cells, γH2AX immunostaining revealed a number of foci largely reduced compared to the number of γH2AX domains as depicted linearly on chromosomes by ChIP-seq ([@bib3]) (roughly 80 foci per cell compared to about 300 AsiSI-induced DSBs; [Figure S5](#mmc1){ref-type="supplementary-material"}A), suggesting that these γH2AX foci may contain more than one γH2AX domain and thus more than a single DSB. Although still controversial, previous studies have demonstrated that DSBs induced by γ or laser (α-particles) irradiation are able to cluster ([@bib2], [@bib32]). In order to investigate whether AsiSI-induced DSBs may also exhibit clustering, we developed a DIvA cell line that expresses the 53BP1 repair protein fused to GFP, to follow DSB movement within the nuclear space by live cell imaging using a spinning disk confocal laser microscope. 53BP1-GFP was efficiently recruited at AsiSI-induced DSBs within the first hour of 4OHT treatment ([Movies S1](#mmc2){ref-type="supplementary-material"} and [S2](#mmc3){ref-type="supplementary-material"}). Strikingly, 53BP1-induced foci were highly dynamic and could undergo several cycles of association and dissociation within bigger foci ([Figure S5](#mmc1){ref-type="supplementary-material"}C; [Movies S3](#mmc4){ref-type="supplementary-material"}, [S4](#mmc5){ref-type="supplementary-material"}, and [S5](#mmc6){ref-type="supplementary-material"}), which confirms that multiple AsiSI-induced breaks are able to associate together within repair centers.

To get more insights into the structure of AsiSI-induced γH2AX foci in normal conditions and upon kinase inhibition, we further used high-resolution microscopy. In 4OHT-treated cells, γH2AX foci appeared to be composed of small substructures ([Figure 5](#fig5){ref-type="fig"}A, left panel), likely reflecting individual DSBs. To analyze the spatial distribution of these substructures, we performed a statistical test, using the Icy spatial analysis plug-in that describes the distribution of individual dots within the nucleus ([@bib34]). This plug-in, based on the Ripley's K function, statistically assesses the presence of clusters by comparing the values of the K function to its critical quantiles under spatial randomness. Clustering is statistically significant when the K function crosses the upper quantile. Notably, this test demonstrated that individual γH2AX dots clustered in 4OHT-treated DIvA cells ([Figure 5](#fig5){ref-type="fig"}B, left panel). Interestingly, while DNA-PKcs inhibition did not alter the distribution of γH2AX foci in response to 4OHT ([Figure 5](#fig5){ref-type="fig"}A, right panel), inhibition of ATM led to a dramatic dispersion of γH2AX foci in the nucleus ([Figure 5](#fig5){ref-type="fig"}A, middle panel). Ripley K function describing the spatial distribution of γH2AX dots in each condition indicated that ATM inhibitor treatment led to a random distribution of γH2AX dots within the nucleus ([Figure 5](#fig5){ref-type="fig"}B, middle panel), while DNA-PKcs inhibition did not compromise foci clustering ([Figure 5](#fig5){ref-type="fig"}B, right panel). Altogether, these data favor a model in which AsiSI-induced DSBs are able to cluster within repair centers in an ATM-dependent, but DNA-PKcs-independent, manner.

To confirm that each individual substructure observed within a large γH2AX focus represents a single DSB, we also performed immunostaining against XRCC4, a DSB repair protein that accumulates at the exact break point (on roughly 500 bp, according to our recent XRCC4 ChIP-seq mapping \[[@bib3]\]). To detect XRCC4 by immunofluorescence in damaged 4OHT-treated cells, we applied a recently described protocol ([@bib8]) that permits detection of NHEJ repair proteins in ionizing radiation-induced nuclear foci (IRIF) (which was, until recently, impossible with standard staining procedures) ([Figure S5](#mmc1){ref-type="supplementary-material"}B). In normal conditions, we could clearly identify γH2AX foci containing two or more XRCC4 foci, showing that, indeed, several individual DSBs are found within a single repair focus ([Figures 5](#fig5){ref-type="fig"}C and [S5](#mmc1){ref-type="supplementary-material"}D). This association of multiple XRCC4 foci within a γH2AX focus was lost upon ATM inhibition, confirming that ATM is required for DSB clustering in human cells.

In order to investigate whether our finding on the function of ATM on AsiSI-induced DSBs clustering could be generalized to other types of DSBs, we also analyzed the number of γH2AX foci in mouse embryonic fibroblasts, in response to increasing doses of etoposide. As expected, ATMi treatment led to a decrease of the γH2AX signal (data not shown) but also led to an increase in the number of γH2AX foci ([Figure 5](#fig5){ref-type="fig"}E) at each dose investigated, which suggested that ATM-mediated association in repair centers is a general feature of DSBs.

Discussion {#sec3}
==========

In this study, by using the DIvA cell line, which permits the induction of multiple annotated DSBs throughout the human genome, we showed that the major DDR PI3K-like kinases ATM and DNA-PKcs have complementary and non-overlapping functions in survival, repair, and γH2AX establishment in the context of clean DSBs. We found that both kinases are recruited and activated to a similar extent at all investigated DSBs, in a manner that appears to be independent of the pathway used for subsequent repair. While DNA-PKcs activity is required for repair and survival, it is dispensable for γH2AX domain establishment. By contrast, ATM is essential for cell survival and γH2AX phosphorylation but DSBs can be religated upon ATM inhibition, although in a less accurate manner.

Notably, these functions of DDR kinases at AsiSI-induced DSBs are independent of the pathway used to repair these breaks since both HR-prone and non-HR-prone DSBs behaved similarly. Finally, we found that multiple AsiSI-induced DSBs can associate within repair centers in an ATM-dependent manner. Altogether our study uncouples the induction of γH2AX domains from the repair process itself and clarifies the function of both kinases in the DDR in response to clean DSBs generated at different locations on the genome.

ATM Is Dispensable for DNA Ends Rejoining, but Is Required for Accurate Repair of Clean, Cohesive DSBs {#sec3.1}
------------------------------------------------------------------------------------------------------

Our data, in agreement with previous reports ([@bib60]), indicate that inhibition of DNA-PKcs activity severely impaired repair and cell survival upon induction of clean and easily repairable DSBs, though our assay would not discriminate whether repair is drastically delayed or totally inhibited. DNA-PKcs is a core component of the NHEJ machinery ([@bib11], [@bib19]), and its inhibition likely compromises XRCC4/DNA Ligase 4 dependent end joining. Furthermore, inhibition of DNA-PKcs activity interferes with DNA-PKcs autophosphorylation, an event required for its dissociation from DNA ends ([@bib38]). This lack of dissociation likely blocks both resection ([@bib50], [@bib61]) and the potential ability to switch to an alternative pathway (either Alt-NHEJ or HR), thus leading to a severe repair defect ([@bib14], [@bib18]). Interestingly, DNA-PKcs inhibition altered repair at both non-HR-prone DSBs as well as HR-prone DSBs, as identified in our previous study ([@bib3]). Together with our recent finding that XRCC4 is recruited at both HR-prone and non-HR-prone AsiSI-DSBs ([@bib3]), as is P-DNA-PKcs (this study), this favors the idea that the NHEJ machinery will first attempt to repair all DSBs ([@bib50]) and that blocking DNA-PKcs activity can inhibit the subsequent use of the HR machinery at HR-prone DSBs. In agreement with a role in DNA end joining, P-DNA-PKcs distribution was mostly restricted to the vicinity of DSBs (this study; [@bib15]), apart from few exceptions ([Figure S2](#mmc1){ref-type="supplementary-material"}; [@bib15]) where it exhibited considerable spreading. Whether those specific DSBs undergo a specific repair pathway remains to be investigated.

While DNA-PKcs activity is essential for repair, our data indicate that ATM activity is dispensable for end rejoining at either HR or non-HR-prone DSBs, i.e., at DSBs induced in active or inactive genes. Since all AsiSI-induced DSBs occur in euchromatin, this is consistent with a recent study indicating that ATM activity is also not required for repair of etoposide-induced DSBs in TDP2 proficient cells (also mainly occurring within euchromatin), ([@bib1]). By contrast, repair of DSBs induced in heterochromatin is ATM dependent. At those DSBs, ATM would be required for chromatin remodeling permitting the loading and processing of repair machineries ([@bib7], [@bib25], [@bib40], [@bib49]). In addition, a recent report identified ATM as required for macroH2A1 loading and chromatin condensation, which are events shown to be necessary for BRCA1 retention at DSB and HR repair ([@bib30]). Altogether these studies suggest that the main function of ATM might reside in its ability to modify the surrounding chromatin in order to facilitate repair, rather than in the repair reaction itself.

Interestingly, we found that, although effective, repair of clean DSBs is less accurate upon inhibition of ATM activity. This is in contrast with a recent finding that ATM inactivation did not alter the fidelity of unblocked DSBs end rejoining on plasmids in vivo ([@bib1]). Thus, ATM may be required to ensure fidelity of DSB repair in a chromosomal context only. Interestingly, ATM is also required to limit the use of distal ends to repair two chromosomal I-SceI tandem DSBs ([@bib6]). This role of ATM in the promotion of faithful repair may be linked to the etiology of AT patients, who show abnormal rates of tumor apparition and progression, as well as severe neurodegenerative features.

ATM Is Responsible for H2AX Phosphorylation around Clean DSBs {#sec3.2}
-------------------------------------------------------------

While the involvement of ATM in H2AX phosphorylation in response to DSBs is undebated, the function of DNA-PKcs toward γH2AX remains controversial. Indeed, some studies suggested a predominant role for ATM in H2AX phosphorylation ([@bib9], [@bib45]), while others reported that ATM and DNA-PKcs could largely substitute each other in that respect (e.g., [@bib54], [@bib56]). These apparent discrepancies likely arise from the variety of damages induced by X-rays or γ rays. Our study demonstrates that induction of clean DSBs throughout the human genome elicits γH2AX formation in an ATM-dependent, but DNA-PKcs-independent, manner at all DSBs, independently of their genomic location and their propensity to be repaired by HR or not. Notably, as already reported ([@bib9], [@bib45]), we observed residual γH2AX levels upon ATM inhibition. However, in contrast with the observation made on the Igκ locus ([@bib45]), this phosphorylation was DNA-PKcs independent, as indicated by global as well as high-resolution analyses of γH2AX levels and distribution upon simultaneous inhibition of both kinases. This apparent contradiction likely arises from the fact that DSB repair and signaling strongly depend on the genomic context where the break occurs ([@bib17]). This residual signal was also not lost upon ATR, JNK, or mTOR inhibition, indicating that yet unidentified kinase(s) contribute to H2AX phosphorylation after clean DSBs induction. Further high-resolution studies would help to identify such enzyme(s).

Importantly, ATM was the major kinase responsible for H2AX phosphorylation over the entire domain. The mechanism for γH2AX spreading is still unknown, but it could result from (1) the spreading of the kinase itself in *cis*, (2) the local diffusion of the kinase within repair foci, or (3) dynamic chromatin fibers encountering ATM bound to DNA ends. Our ChIP-chip mapping of activated ATM revealed that, in contrast to γH2AX, P-ATM is distributed on a restricted domain around most DSBs, excluding diffusion of the activated kinase in *cis* as a main mechanism for γH2AX spreading. Interestingly, in yeast, the ATM counterpart Tel1 is able to phosphorylate H2A in *trans* ([@bib35]). In addition, we previously reported that the distribution of γH2AX is strongly influenced by preexisting high-order chromatin structure ([@bib12]). These data support a model in which ATM, bound to DNA ends, would be able to phosphorylate nucleosomal H2AX brought within proximity of a DSB through local motions of the surrounding chromatin. Interestingly, upon dual inhibition of both ATM and DNA-PKcs, the residual γH2AX signal was observed on a more restricted area covering approximately 200 kb ([Figure 4](#fig4){ref-type="fig"}C), indicating that the ability to promote megabase-wide γH2AX spreading is specific to ATM and is not shared by unidentified backup kinase(s) operating in this context.

Function of ATM and DNA-PKcs in DSB Mobility and Cluster Formation {#sec3.3}
------------------------------------------------------------------

Whether DSBs are relocated in close proximity after their induction is still a matter of debate. In yeast, DSBs were reported to be highly mobile and to coalesce ([@bib36]). In mammals, conflicting results have been obtained regarding the mobility and potential clustering of radiation and nuclease-induced DSBs ([@bib2], [@bib5], [@bib27], [@bib31], [@bib32], [@bib33], [@bib53]). In addition, a recent study indicated that damaged telomeres in ALT cells undergo clustering in an HR-machinery-dependent manner ([@bib16]).

The DIvA system allows not only precise knowledge of the position of all AsiSI-induced DSBs but also their exact number within each cell. This permits comparison of the number of domains linearly depicted on the genome by ChIP-seq, with the number of γH2AX foci detected by microscopy. We found that AsiSI-induced, clean DSBs are dynamic and can frequently coalesce within larger foci. However, DSB coalescence only occurred between spatially proximal 53BP1 foci. While a single enzymatically induced DSB has limited mobility ([@bib53]), it was shown that I-SceI-induced DSBs would frequently pair and that this motion of broken chromatin is a critical step in the biogenesis of translocation on the human genome ([@bib44]). Furthermore, such translocation events occurred mainly with linearly or spatially proximal chromatin ([@bib44], [@bib59]). In summary, our data, as well as the recent literature, clearly support a model where multiple DSBs induced within spatial proximity of each other frequently associate within repair foci. Given that chromosome mobility depends on the chromatin context, it is highly likely that such observed DSB associations will vary from one genomic location to another and that all induced DSBs will not behave equivalently toward clustering. In addition, DSB mobility in yeast is highly dependent on the resection machinery ([@bib23], [@bib39]). It is thus tempting to speculate that HR-prone DSBs might be more prone to cluster than others. This would be in agreement with recent data showing that clustering of damaged telomeres also depends on the HR machinery ([@bib16]).

Furthermore, in agreement with previous studies ([@bib2], [@bib31], [@bib32]) we showed that this event is driven by ATM, since ATM inhibition led to a complete dispersion of DSBs throughout the nucleus. In agreement, inhibition of Mre11 (a component of the MRN complex, whose retention at DSBs requires ATM activity) led to a clear decrease in DSB pairing ([@bib44]). Interestingly, other processes where distant DSBs are brought together, such as distal end rejoining, occurring during class switch and V(D)J recombination, or the fusion of deprotected telomeres, also depend on ATM ([@bib21], [@bib22]). Thus, DSB association is likely mediated by an ATM substrate. Of note, the 53BP1 repair protein, targeted by ATM, has been involved in both promoting telomere fusion and efficient V(D)J recombination ([@bib21], [@bib22]). Whether it also promotes AsiSI-induced DSB clustering remains to be investigated, even though a couple of studies indicated that depletion of 53BP1 did not impede DSB mobility ([@bib32], [@bib53]). Furthermore, H2AX-deficient mice also display defects in both class switch and V(D)J recombination. Thus, a potential function of γH2AX domains in ATM-dependent DSB pairing is an exciting possibility that should be further tested.

An open and critical question resides in why would clustering be beneficial for repair, taking into account the high risk of translocation generated by the proximity of distal DNA ends. Given that ATM is both involved in this process and in accurate repair, but not required for end joining itself, an interesting hypothesis would be that these events might help to increase the repair fidelity. In this regard, it is notable that neither ATM nor H2AX are required for survival in mammals (H2AX knockout mice are viable, as are AT patients) although their lack of function severely increase tumor susceptibility, in agreement with a potential reduction of repair accuracy. Whether ATM-dependent H2AX phosphorylation mediates DSB clustering and whether this event promotes repair fidelity are exciting hypotheses to be tested by future investigations.

Experimental Procedures {#sec4}
=======================

Cell Culture {#sec4.1}
------------

For AsiSI-dependent DSB induction, DIvA or AID-DIvA cells were treated with 300 nM 4OHT (Sigma; H7904) for 4 hr. When indicated, 4OHT-treated cells were incubated with 500 μg/mL auxin. For the treatment with inhibitors, the following final concentrations were used: KU55933(ATMi), 20 μM; Nu7441(DNAPKi), 2 μM; ETP-46464 (ATRi, a kind gift from Dr. O. Fernandez-Capetillo), 5 μM; rapamycin, 20 nM; and SP600125 (JNKi), 50 μM. Inhibitors were added to the medium 1 hr before the addition of 4OHT and during the 4-hr stage of break induction (4OHT) and/or during the repair step (auxin) as indicated.

ChIP {#sec4.2}
----

ChIP assays were carried out according to the protocol described in [@bib26] and are detailed in the [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}. IP efficiencies were calculated as the percent of input DNA immunoprecipitated.

For ChIP-chip, 8 ng of inputs and samples were amplified as in [@bib26], labeled, and hybridized on Affymetrix tiling arrays covering human chromosomes 1 and 6.

To plot data with respect to the 24 DSBs induced on chromosome 1 and 6 ([@bib26]), the ChIP-chip signal was averaged for 200-bp windows spanning 40 kb (P-ATM and P-DNA-PKcs) or 2 Mb (γH2AX) surrounding each annotated AsiSI site. For heatmap representations, the average ChIP-chip signal was determined in 500-bp bins for P-ATM and P-DNA-PKcs, and 50-kb bins for γH2AX, centered on each cleaved AsiSI site.

Repair Kinetics and Repair Fidelity at AsiSI Sites {#sec4.3}
--------------------------------------------------

Repair kinetics at specific AsiSI-induced DSBs were measured as described in [@bib3] by a cleavage assay permitting the capture of unrepaired DSBs, at the indicated times after auxin addition. For fidelity assays, DIvA cells were treated with 4OHT to induce DSBs for 4 hr (300 nM) followed by an auxin treatment for 4 hr, in the presence or absence of ATMi (KU55933). The next day, cells were treated again with 4OHT for 4 hr. DNA was extracted and subjected to a cleavage assay as described above.

Immunofluorescence {#sec4.4}
------------------

Detailed methods for immunofluorescence against γH2AX (JBW301) in DIvA cells have already been described in [@bib26]. XRCC4 staining was performed according the protocol described in [@bib8]. For high-resolution microscopy, a fluorescent widefield microscope was used to produce 3D image of the nucleus and subjected to deconvolution ([Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}). Spot distribution was analyzed using the spatial analysis plug-in available in Icy. Live cell analysis was performed using an Andor Revolution Nipkow-disk confocal system. For the illustrations shown in [Figure S5](#mmc1){ref-type="supplementary-material"}C, maximum projections using Image J were performed to generate 2D movies.
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Accession Numbers {#app1}
=================

The accession number for the ChIP-chip data reported in this paper is ArrayExpress: [E-MTAB-2992](array-express:E-MTAB-2992){#intref0010}. 4D movies for time-lapse microscopy are available upon request.

Supplemental Information {#app3}
========================

Document S1. Supplemental Experimental Procedures and Figures S1--S5Movie S1. 4OHT Triggers 53BP1 Foci in 53BP1-GFP DIvA Cells---Example 1, Related to Figure 5Time-lapse microscopy was performed on 4OHT-treated 53BP1-GFP DIvA using a spinning disk confocal microscope. Acquisition was started straight after 4OHT treatment, and all z stacks were acquired every 2 min. Maximum projection was computed with Image J. Full 4D movies are available upon request.Movie S2. 4OHT Triggers 53BP1 Foci in 53BP1-GFP DIvA Cells---Example 2, Related to Figure 5Same as Movie S1.Movie S3. 53BP1 Foci Cluster in 4OHT-Treated 53BP1-GFP DivA Cells---Example 1, Related to Figure 5Same as Movie S1, except that acquisition was performed after 2 hr of 4OHT treatment and every 15 s. A magnification of 53BP1 foci ongoing clustering is presented. Related to Figure S5C bottom sequence.Movie S4. 53BP1 Foci Cluster in 4OHT-Treated 53BP1-GFP DivA Cells---Example 2, Related to Figure 5Same as Movie S1, except that acquisition was performed after 2 hr of 4OHT treatment and every 3 min. Related to Figure S5C top sequence.Movie S5. 53BP1 Foci Cluster in 4OHT-Treated 53BP1-GFP DivA Cells---Example 3, Related to Figure 5Same as Movie S1, except that acquisition was performed after 2 hr of 4OHT treatment and every 3 min.Document S2. Article plus Supplemental Information
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![Function of ATM and DNA-PKcs in Repair Kinetics and Repair Accuracy at AsiSI-Induced DSBs\
(A) Clonogenic assays in AID-DIvA cells after 4OHT treatment (4 hr), followed by auxin treatment (4 hr) in the presence of ATM inhibitor (KU55933), in the presence of DNA-PKcs inhibitor (Nu7441), or without inhibitor as indicated. Colonies were counted 10 days after 4OHT/auxin treatments. Average and SEM of biological replicates are shown (n = 3).\
(B) Cleavage assay ([@bib13]) in AID-DIvA cells treated with 4OHT (4 hr) followed by auxin (4 hr), in the absence or presence of ATM or DNA-PKcs inhibitors, as indicated. Immunoprecipitated DNA was analyzed close to four DSBs, either RAD51 unbound (indicated in blue, upper panels) or RAD51 bound (indicated in red, lower panel). The percentage of sites that remain broken for each DSB after the indicated time of auxin treatment are presented. Average and SEM (n = 3, technical replicates) of a representative experiment are shown (out of three independent experiments).\
(C) Cleavage assay in AID-DIvA cells untreated (−4OHT) and treated with 4OHT (+4OHT) followed by auxin addition in the absence (+OHT+auxin) or presence of the ATM inhibitor (+4OHT+auxin+ATMi) and an additional round of 4OHT treatment (+4OHT+auxin+4OHT and +4OHT+auxin+ATMi+4OHT). Immunoprecipitated DNA in each condition was analyzed by quantitative PCR at two AsiSI-induced DSBs (HR-prone DSB-III in red and non-HR-prone DSB3 in blue). Normalized pull-down efficiencies from a representative experiment are shown.](gr1){#fig1}

![Recruitment of P-ATM and P-DNA-PKcs at AsiSI-Induced DSBs\
(A) ChIP-chip analyses in DIvA cells after 4OHT treatment (4 hr), using anti P-ATM S1981 (left panels) or anti-P-DNA-PKcs S2056 (right panels) antibodies. Profiles of both activated kinases before (in black) and after (in red) 4OHT treatment are shown at two AsiSI-induced DSBs (indicated by black arrows).\
(B) Averaged signal for P-ATM S1981 (top) and P-DNA-PKcs S2056 (bottom) over 40-kb windows and centered at the AsiSI site are shown either before (black) or after (red) 4OHT treatment.\
(C) Box plot representing the distribution of the averaged P-ATM S1981 (top) and P-DNA-PKcs S2056 (bottom) signals, calculated on 2-kb windows around each of the 24 AsiSI sites of chr1/6, with or without the indicated 4OHT treatment. ^∗∗^p \< 0.01, ^∗∗∗∗^p \< 0.001 (paired Student's t test).\
(D) Averaged P-ATM S1981 signal (x axis) calculated on 2-kb windows at each AsiSI site plotted against the averaged P-DNA-PKcs S2056 signal (y axis) calculated over the same window. r = 0.62 (Pearson).\
(E) Heatmap representation of P-ATM S1981 (left panels) and P-DNA-PKcs S2056 (right panels) signal across all AsiSI-induced DSBs on chromosomes 1 and 6 (sorted by P-ATM increasing signal over a 20-kb window).](gr2){#fig2}

![ATM, but Not DNA-PKcs, Mediates H2AX Phosphorylation on Megabase-wide Domains around AsiSI-Induced DSBs\
(A) Western blot analyses of DIvA cells treated or not with 4OHT and ATM or DNA-PKcs inhibitors as indicated and stained for γH2AX (top) and tubulin (loading control, bottom).\
(B) The presence of γH2AX foci was monitored by immunofluorescence in untreated or 4OHT-induced cells (4 hr), in the presence or not of ATM or DNA-PKcs inhibitors, as indicated. The bottom panel shows quantification from five biological replicates.\
(C) γH2AX ChIP-chip analyses in DIvA cells after 4OHT treatment (4 hr), in the presence or absence of ATM and DNA-PKcs inhibitors as indicated. Profiles of γH2AX are shown at three AsiSI-induced DSBs (indicated by black arrows).\
(D) The averaged γH2AX signals in 4OHT-treated cells (in red) supplemented with ATM (blue) or DNA-PKcs inhibitors (gray) over a 2-Mb region flanking cleaved AsiSI sites are shown.\
(E) Heatmap showing γH2AX distribution over each AsiSI cleaved site for each condition (sorted by increasing γH2AX level on a 500-kb window).](gr3){#fig3}

![Inhibition of Both DNA-PKcs and ATM Does Not Abrogate γH2AX\
(A) γH2AX (top) and tubulin (loading control, bottom) western blot analyses of DIvA cells treated with ATM and/or DNA-PKcs inhibitors as indicated.\
(B) The presence of γH2AX foci was monitored by immunofluorescence in 4OHT-induced cells (4 hr), in the presence of the ATM inhibitor alone or in combination with the DNA-PKcs inhibitor, as indicated. The bottom panel shows quantification from five biological replicates.\
(C) γH2AX ChIP-chip analyses in DIvA cells after 4OHT treatment (4 hr) and in the presence of the ATM inhibitor alone or in combination with DNA-PKcs inhibitor, as indicated. Profiles of γH2AX are shown at three AsiSI-induced DSBs (indicated by black arrows).\
(D) The averaged γH2AX signals in 4OHT-treated cells (in red) supplemented with ATM (blue) or ATM+DNA-PKcs inhibitors (purple) over a 2-Mb region flanking cleaved AsiSI sites are shown.](gr4){#fig4}

![Clustering of AsiSI-Induced DSBs Depends on ATM Activity\
(A) γH2AX staining in 4OHT-treated DIvA cells, in the presence of ATM or DNA-PKcs inhibitors, as indicated.\
(B) Averaged Ripley function (y axis) depending on cluster size (x axis) illustrating the spatial distribution of γH2AX spots identified in 4OHT-treated DIvA cells in the presence of ATM or DNA-PKcs inhibitors, as indicated.\
(C) Magnification of a 4OHT-treated cell, stained with γH2AX (red) and XRCC4 (green) in the presence of ATM or DNA-PKcs inhibitors, as indicated.\
(D) Number of γH2AX foci detected in cells treated (red) or not (blue) with ATM inhibitor, at increasing doses of etoposide. Average ± SEM of the number of foci from at least three independent experiments is shown (top panel). Representative images of γH2AX foci (green) and DAPI counterstain (blue) in cells treated with 10 μM etoposide in the absence (−ATMi) or presence (+ATMi) of 10 μM ATM inhibitor are shown on the bottom panel.](gr5){#fig5}
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